An O-ring seal is a means for closing off a passageway preventing an unwanted escape or loss of fluid. The scope of O-ring seal use is quite wide including both static and dynamic applications. By far the greatest dynamic use of O-rings is in reciprocating seals where relative reciprocating motion (along the shaft axis) takes place between the inner and outer elements. This motion tends to slide or roll the O-ring back and forth with the reciprocation. Examples of a reciprocating seal would be a piston in a cylinder, a plunger entering a chamber, a hydraulic or pneumatic actuator, etc. Usually, the axial motion is of relatively large amplitude where the piston, plunger or actuator move from one equilibrium position to another and then stay still. However, in many cases, especially in fast response control systems, high frequency small amplitude fluctuations take place about the equilibrium position and result in very small amplitude reciprocating motion of the O-rings. In other cases, e.g. mechanical face seals, the small reciprocating motion is the only motion of the O-rings. The small amplitude reciprocating motion described above plays an important role in the dynamics of the systems concerned, and can strongly affect their performance. Obviously the dynamic properties of the O-rings is an important factor in such systems behavior. Unfortunately very little information is available in the literature on O-ring dynamics.
Fig. 1 Test rig components
various elastomer springs and dampers this is not the case for O-rings. References [2] and [3] present results on measured dynamic properties of elastomer O-rings under reciprocating unidirctional radial squeeze, similar to the mode of application in squeeze film dampers. In references [4] and [5] axial forces transmitted by O-rings subjected to a reciprocating drag were measured for various amplitudes and frequencies. However, for a general dynamic analysis of a reciprocating system, the stiffness and damping coefficients of the O-ring, not the forces, are required. Reference [6] describes a test procedure and presents some results of measured dynamic properties of elastomer O-rings subjected to small reciprocating axial motion. The test was performed at ambient pressure and with the nominal squeeze recommended for industrial O-ring static seals [7] , Stiffness and damping coefficients were measured in [6] at ten different discrete frequencies in the range 100 Hz to 300 Hz. This is a lengthy procedure which consumes a lot of time if the effect of other parameters, in addition to the frequency, is desired.
The purpose of the present work is twofold: (a) to investigate the effect of various squeeze levels and different pressures on the dynamic properties of the reciprocating O- rings, and (b) to introduce a relatively simple test procedure that will allow quick and reliable measurements of the dynamic properties for a wide range of the important parameters.
Experimental Setup and Test Procedure
The Base Excitation Resonant Mass (BERM) test method (see reference [1] and [6] ) was selected for the present investigation. A Kelvin-Voigt model is assumed for the elastomer O-ring which is held in a vibrating base and supports a given mass. The stiffness and damping coefficients of the O-ring at any vibration frequency can be found from independent measurements of the mass response to the base motion.
A test rig was set up as shown in Fig. 1 to obtain the stiffness and damping coefficients of elastomer O-rings subjected to small reciprocating axial motion. A holder (6) attached to a vibrating table (3) of an electromagnetic shaker is holding a base (2) by means of a single screw (4), thus, allowing quick assemble and disassemble. Nine different base sizes were used to allow three squeeze levels for three different O-ring sizes. Each base accommodates a pair of O-rings (7) having mean outer diameter of 76.2 mm (3 in.). Three different nominal cross section diameters were tested: 1.78 mm, 3.53 mm, and 5.33 mm (1/16 in., 1/8 in., and 3/16 in.). A mass of 2.014 kg in the form of an annular ring (1) is fitted on the O-rings. The diametral clearance between the O-ring gland O.D. and the ring (1) was 0.050 mm for the 1/16 in. O-ring and 0.075 mm for the 1/8 in. and 3/16 in. O-rings. The selected sizes of the O-rings grooves in the various bases and the inner diameter of the annular ring gave three levels of squeeze for every nominal cross section size of the O-rings. A low squeeze level of 10 percent, medium squeeze level of 20 percent, and high squeeze level of 30 percent were selected for the tests. However, because of manufacturing tolerances the actual effective squeeze values differ somewhat from the nominal ones. Table  1 presents the various effective squeeze levels that were actually tested. It should be noted that the calculated effective squeeze takes into consideration the stretch of the O-ring in its groove (see Appendix A).
Pressurized air is supplied through the base (2) into the cavity between the two O-rings, hence, allowing tests to be carried out under various pressures. In preliminary tests it was found that the system becomes very stiff when pressurized to 0.5 MPa (75 psi) or above. With the existing setup it was difficult to obtain good results, thus, maximum pressure was limited to 0.4 MPa.
Two eddy current proximity probes (5) and (5a) are used to measure the base motion y = y{i) and the mass response x = x(t) relative to the base, respectively. A data acquisition system based on a PDP 11/40 minicomputer was used to record the probes output and to analyze the data. The two signals y(t) and x{t) were sampled at a rate of 1000 Hz after proper filtration and amplification. A noise generator was used to excite the shaker. By selecting a white noise for the input to the shaker a wide spectrum of frequencies co, was included in both y(i) and x{t) which can be described in the form y= 2 JVinfa,/+</>,)
A low pass filter and a high pass filter were used to contain the range of frequencies between 80 Hz and 400 Hz. This was done merely for practical reasons to avoid natural frequencies of the test rig. A spectral analysis code (see Appendix B) was used to identify at each frequency oi the corresponding amplitudes ratio, x 0 /y 0 , and the phase shift </ >. The stiffness and damping coefficients were then calculated from the relations (see reference [6] )
where m is the mass of the annular ring and a is the transmissibility x 0 /y 0 corresponding to a given frequency a>. Finally, a least square procedure was utilized to find a best fit for the collection of data points. This provided expressions for the stiffness and damping in the exponential form where A, B, a, and b are constants related to the elastomer material, to the O-ring geometry, and to the squeeze level and system pressure. The amplitudes y 0 and x 0 were of the order of 10 ixm and therefore their effect on the stiffness and damping is negligible [6] .
Results and Discussion
Two different O-ring materials, Nitrile (Buna N) and Fluorocarbon (Viton 75), were tested. Their durometer hardness was 70 and 75, respectively. A spectral analysis (see Appendix B) was used to reduce the data. Of the many test results accumulated only those (about 90 percent) that gave a coherence function value (see Appendix B) greater than 0.8 were considered successful. These results were summarized in Tables 2 and 3 Transactions of the ASME Figure 2a shows the effect of squeeze on the stiffness coefficient of Buna N O-rings at zero pressure. It can be seen that the results for the medium and large cross section diameters are very close at each one of the three squeeze levels.
This may indicate that the cross section diameter is not a significant factor in the stiffness coefficient K. The small cross section diameter, however, shows more erratic behavior with larger stiffness. The slope of the straight lines in Fig. 2(a) is quite similar. Thus, it can be concluded that the constant B (equation (5)) is not very much effected by either the squeeze level or the cross section diameter. Indeed from Table 2 it can be seen that most of the results for B fall in the range of 0.195 to 0.299. Figure 2(b) shows the effect of squeeze on the damping coefficient of the Buna N O-rings at zero pressure. Here again the two larger cross section diameters gave very similar results. The slope of the lines, namely the constant b, is also very similar for the various squeeze levels as was found in the case of the stiffness coefficient. Figures 3(a) and 3(b) show the effect of pressure on the stiffness and damping coefficients of Buna N O-rings at the medium squeeze level. The results here are less conclusive but with a few exceptions it can be seen that the pressure does not affect significantly the constants B and b. Increasing the pressure increases both the stiffness and the damping. (5) and (6) . With the exception of the smallest cross section diameter (1/16 in.) it seems that the cross section diameter does not affect significantly the stiffness and damping coefficients. This point, however, has to be examined more carefully. With the present test rig, and especially at the high squeeze level, a substantial amount of force is required to slide the mass over the O-rings during assembly. The O-rings could have been initially twisted when the mass was fitted over them. The smallest cross section diameter seems to be more prone to such a twist which may partly explain the less regular results obtained with this O-ring size.
Another source of uncertainty may result from the need to lubricate the O-rings and inner surface of the mass in order to allow assembly without damaging the O-rings. A very small amount of lubricating grease was applied prior to assembly and was carefully wiped off to leave only a minute amount of grease. This procedure is, however, not very accurate and may explain the relatively wide scatter of the results. An attempt was made to use a split ring for the mass in order to avoid the above mentioned difficulties. However, the O-rings were pinched at the split and therefore the idea was not further pursued.
Concluding Remarks
A test procedure is described which provides results for the stiffness and damping coefficients of elastomer O-rings subjected to small amplitude reciprocating motion. A wide range of the important parameters affecting the dynamic properties of O-rings can be tested, using this procedure, and
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Transactions of the ASME analyzed in a relatively short time. A particular test is described aimed at studying the effect of squeeze and pressure on the stiffness and damping coefficients. It is found that increasing the squeeze level or the system pressure increases both the stiffness and the damping coefficients. However, a change in squeeze or pressure level has a little effect on the exponents B, and b used in the empirical expressions of equations (5) and (6) . It also seems that the size of the O-ring cross section diameter has little effect on the stiffness and damping coefficients, but because of the irregular behavior of the smallest cross section size O-rings this point has to be further investigated. It will be advantageous in future work to eliminate the uncertainty introduced by sliding the mass over the O-rings for assembly. A more sophisticated design of a split ring that does not harm the O-rings may be very helpful.
With the present system having a mass of about 2kg only (because of shaker limitation) the transmissibility a, became Table 1 which accounts for the reduction in the cross section diameter is
APPENDIX B
Spectral Analysis
The background for the spectral analysis used in the present work can be found in Chapters 1,3,5, and 9 of reference [8] .
The Fourier transform of a signal x = x(t) sampled in the time interval 0 < t < T is
X={f,T) = \ T 0 x{t)e-^<dt
For a specific discrete set of N frequencies f k = , A: = 0,l,2. . .,7V-1 (h being the fixed time interval between successive samplings) the discrete Fourier transform becomes
where x n is the discrete value of x(t) at t = nh. Selecting the number TV of time intervals, h, between successive samplings in the form
N=2 P
where P is an integer, enables the evaluation of (7) Similarly for a signals = y(t) we have
PyVk)=Jj \Y k \'
where Y k is calculated according to (7) by replacing X and x by yand.y, respectively. The Cross Spectral Density Function is given by Si Px(fk)Pyifk) and is a criterion for the correlation between x{t) and y{t) at the frequency/*. If y 2 = 0 at a certain frequency than x(t) and y(t) are uncorrelated at that frequency. On the other hand if y 2 = 1 at a certain frequency than x(t) and y(t) are fully correlated at that frequency and the response x{t) is a definite outcome of the forcing function _y(0-Hence, a coherence function value y 2 close to unity can serve as an indication for the reliability of the results. It can also be shown [8] that for a linear system represented by constant in time stiffness and damping coefficients the coherence function always gives y 2 = 1. Hence, y 2 close to unity justifies the assumption of a Kelvin-Voigt model with constant in time dynamic coefficients for the O-rings.
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